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Introduction {#sec001}
============

In most rock engineering cases, there are a large number of discontinuities, such as fissures, joints, and weak surfaces. Joints and fissures in natural rocks have a significant influence on the stability of the rock mass; it is often necessary to evaluate strength failure and crack evolution behavior. The failure process of brittle rock or rock-like materials containing one, two, or three fissures has been extensively investigated and discussed. The investigation of crack initiation and propagation in brittle materials began with a specimen that contains a single joint or fissure. Previous work promoted understanding of the crack initiation around fissure tips \[[@pone.0188646.ref001]--[@pone.0188646.ref006]\]. Almost all of the scholars arrived at the same conclusion: the inclination angle of the crack has a strong influence on the strength and crack pattern, and there are two kinds of cracks that appear around the crack tips (wing cracks and secondary cracks).

In addition to the cracking behavior of specimens with single cracks, substantial experimental efforts have been devoted to the investigation of crack coalescence behavior in natural rocks or brittle materials \[[@pone.0188646.ref003], [@pone.0188646.ref007]--[@pone.0188646.ref024]\]. For both parallel and un-parallel joints, there are three kinds of coalescence patterns of pre-existing cracks: tensile, shear and mixed cracks. Because in most rock engineering cases there are a large number of joints in the natural rock-mass, the failure modes of multi-fissure specimens have also been investigated by scholars. Many kinds of joint geometry parameters have been considered in previous studies, such as joint inclination \[[@pone.0188646.ref022], [@pone.0188646.ref025]--[@pone.0188646.ref027]\], distance \[[@pone.0188646.ref022], [@pone.0188646.ref026], [@pone.0188646.ref028]--[@pone.0188646.ref030]\], continuity factor \[[@pone.0188646.ref022], [@pone.0188646.ref025], [@pone.0188646.ref029]--[@pone.0188646.ref030]\] and joint overlap \[[@pone.0188646.ref026]\]. There are many kinds of failure modes appearing in multi-fissure specimens with different kinds of joint geometry: splitting, stepped path, shearing, block rotation and planar.

With the rapid development of computer science, several numerical methods have been suggested to simulate crack initiation and coalescence. These methods include the FEM \[[@pone.0188646.ref031]--[@pone.0188646.ref038]\], DDA \[[@pone.0188646.ref039]--[@pone.0188646.ref042]\], and NMM \[[@pone.0188646.ref043]--[@pone.0188646.ref045]\]. The emergence of the discrete element method is a major advance in the field of simulation of rock mass, especially the software package PFC, which was developed by the ITASCA Consulting Group based on the discrete element method. PFC is widely used to simulate the cracking process of specimens containing cracks \[[@pone.0188646.ref029], [@pone.0188646.ref046]--[@pone.0188646.ref050]\]. The results of models based on the PFC framework show good agreement with experimental results.

Although significant results have been obtained for specimens containing joints under compressive loading conditions, the whole failure process and energy dissipation of specimens with cross non-persistent joints is not yet clear. Apart from parallel or un-parallel joints, in most rock engineering cross joints are one of the most common patterns. Unlike parallel or un-parallel joints, both the inclination and intersection angle in cross joints have a significant influence on the failure behavior of jointed rocks, especially for the rock-mass in pillars or rock slopes. The crossing of joints alters the stress distribution pattern; different kinds of cross joint configuration result in different failure modes compared with the modes observed in previous studies. The investigation of the failure behavior and energy dissipation of cross non-persistent rock fissures will help us better understand the complex mechanical behavior of natural rock-mass. Based on experiments using rock-like material and PFC2D, the mechanical behavior, failure mode and energy dissipation of cross non-persistent rock-like materials is investigated in this paper.

Experimental testing and numerical model generation {#sec002}
===================================================

Specimen preparation and testing {#sec003}
--------------------------------

Because sand provides the frictional behavior of the modeling material and because cement is similar to the adhesive materials in natural rocks, white cement and sand mixture has been accepted by scholars for modeling the failure behavior of fractured rocks \[[@pone.0188646.ref009], [@pone.0188646.ref010], [@pone.0188646.ref025]\]. In this research, rock-like specimens are made of white cement, water and sand; the volume proportions are V (water): V (white cement): V (silica sand) = 1: 1: 2. As shown in [Fig 1](#pone.0188646.g001){ref-type="fig"}, the dimensions of the specimens are 200 (height) × 150 (width) × 30 (thickness) mm. The length of the joint is 30 mm (2a), and it is created by inserting a mica sheet into the fresh cement mortar paste. Before testing, all of the specimens are placed in a standard curing box for 28 days. The strength parameters (average value) for intact materials are as follows: unit weight (γ~m~ = 2.159 g/cm^3^), Young's modulus (E~m~ = 3.242 GPa), uniaxial compressive strength (UCS = 8.01 MPa), and Poisson's ratio (*v* = 0.2371).

![Schematics of fissure geometry configurations in the specimens.](pone.0188646.g001){#pone.0188646.g001}

Joint geometry in this study is defined by two geometrical parameters as shown in [Fig 1](#pone.0188646.g001){ref-type="fig"}: Joint set-1 inclination angle α and intersection angle γ (β-α) ([Fig 1](#pone.0188646.g001){ref-type="fig"}). The Joint set-1 inclination angle α varies from 0°, 30°, 45°, 60° and 75°. The intersection angle γ varies from 30° to 75° by increments of 15°. [Table 1](#pone.0188646.t001){ref-type="table"} provides the joint geometry information for all the specimens in this study. [Fig 1](#pone.0188646.g001){ref-type="fig"} shows the joint geometry configurations generated for α = 30 as a set of examples (S-30-30, S-30-45, S-30-60, S-30-75).

10.1371/journal.pone.0188646.t001

###### Geometric shape of the four flaws in the specimens.

![](pone.0188646.t001){#pone.0188646.t001g}

  Number   Specimen ID   α    γ    Number   Specimen ID   α    γ
  -------- ------------- ---- ---- -------- ------------- ---- ----
  1        S-0-30        0    30   11       S-45-60       45   60
  2        S-0-45        0    45   12       S-45-75       45   75
  3        S-0-60        0    60   13       S-60-30       60   30
  4        S-0-75        0    75   14       S-60-45       60   45
  5        S-30-30       30   30   15       S-60-60       60   60
  6        S-30-45       30   45   16       S-60-75       60   75
  7        S-30-60       30   60   17       S-75-30       75   30
  8        S-30-75       30   75   18       S-75-45       75   45
  9        S-45-30       45   30   19       S-75-60       75   60
  10       S-45-45       45   45   20       S-75-75       75   75

The uniaxial compression tests are conducted using a servo control uniaxial loading instrument together with a DCS-200 control system. During testing, the specimen is sandwiched between the loading platforms ([Fig 2](#pone.0188646.g002){ref-type="fig"}). All tests are conducted with displacement-controlled conditions at an average loading rate of 0.2 mm/min; the specimens are loaded under compression until failure.

![Specimen and the layout of the loading system.](pone.0188646.g002){#pone.0188646.g002}

Micro-parameter calibration and model generation {#sec004}
------------------------------------------------

In PFC, material is modeled as collections of particles. Each particle contacts its neighboring particles. There are two kinds of contact regimes between particles, namely, a contact-bond model (CPM) and a parallel-bond model (PBM), and both models have their own characteristics. The parallel bond model has been widely accepted by many researchers for modeling rock-like material, because in the parallel bond model, the bond of the PBM is depicted as a rectangle of cementitious material that can transmit both force and moment between particles \[[@pone.0188646.ref050]--[@pone.0188646.ref051]\]. In the PBM, bond breakage results in immediate decrease in macro stiffness because the stiffness is contributed by both contact stiffness and bond stiffness \[[@pone.0188646.ref050]--[@pone.0188646.ref051]\].

The parallel bond model describes the constitutive law of the cementitious material deposited between two balls \[[@pone.0188646.ref050]--[@pone.0188646.ref051]\]. The micro-parameters in PFC2D are determined through "trial and error". In the previous works, almost all of the micro-parameters are obtained by this method. The micro-parameters in this study are shown in [Table 2](#pone.0188646.t002){ref-type="table"}. A comparison between the experimental and numerical results for macro-parameters of intact material is provided in [Table 3](#pone.0188646.t003){ref-type="table"}. [Table 3](#pone.0188646.t003){ref-type="table"} shows that the simulated UCS and Young's modulus of intact rock-like specimens are similar or equal to those obtained experimentally.

10.1371/journal.pone.0188646.t002

###### Microscopic parameters for rock mass.

![](pone.0188646.t002){#pone.0188646.t002g}

  Micro-parameters                                          Values   Remarks
  --------------------------------------------------------- -------- ----------------------
  Minimum mean radius (mm)                                  0.25     Uniform distribution
  *R*~max~/*R*~min~                                         1.66     
  Particle contact modulus, *E*~c~ (GPa)                    2.45     
  Particle normal/shear stiffness                           2.7      
  Particle friction coefficient, *μ*                        0.5      
  Parallel bond modulus, (GPa)                              2.45     
  Parallel bond normal/shear stiffness                      2.7      
  Parallel bond normal strengths, mean (MPa)                5.53     Normal distribution
  Parallel-bond normal strength, standard deviation (MPa)   0.6      10.84% of mean value
  Parallel bond shear strengths, mean (MPa)                 5.53     Normal distribution
  Parallel-bond shear strength, standard deviation (MPa)    0.6      10.84% of mean value

10.1371/journal.pone.0188646.t003

###### Comparison of experimental and numerical results for intact material macro-mechanical parameters.

![](pone.0188646.t003){#pone.0188646.t003g}

                                             Experimental results   Numerical results
  ------------------------------------------ ---------------------- -------------------
  Uniaxial compressive strength, UCS (MPa)   8.104                  8.136
  Young's modulus, E (GPa)                   3.242                  3.173
  Poisson ratio                              0.2371                 0.2419

To obtain the mechanical properties of the interface between cemented material and the mica sheet, direct shear tests were conducted. Based on the experimental results, the cohesion (C~j~) and friction angle (φ~j~) of the cemented material and the mica sheet are 18.2 KPa and 11°, respectively. The failure of the cement-mica sheet interface is shown in [Fig 3](#pone.0188646.g003){ref-type="fig"}. Usually, the micro-mechanical parameter values assigned for particles that represent joints are smaller than those for the particles that represent intact material. During the curing period, the humidity was controlled at 80%. The mica sheet is composed of multi-layer paper-like material, and after absorbing water, it separates easily during testing. The strength of the mica sheets is similar to that of paper. Therefore, the parallel-bond normal and shear strengths were set as 0.

![Failure mode of a flat joint with direct shear.](pone.0188646.g003){#pone.0188646.g003}

To determine other micro-parameters of joint particles, direct shear tests under constant normal stress tests were conducted on numerical models; the normal stress values were 0.2 MPa, 0.4 MPa, 1.0 MPa, 1.5 MPa and 2.0 MPa. Like the calibration process for UCS and E, the micro-mechanical parameters for joints are determined by a series of "trial and error" processes (as shown in [Table 4](#pone.0188646.t004){ref-type="table"}).

10.1371/journal.pone.0188646.t004

###### Microscopic parameters for joints.

![](pone.0188646.t004){#pone.0188646.t004g}

  -------------------------------------------- ------
  Joint particle friction coefficient          0.08
  Joint particle normal stiffness, (N/m)       250
  Joint particle shear stiffness, (N/m)        250
  Joint particle normal bond strength, (MPa)   0
  Joint particle shear bond strength, (MPa)    0
  -------------------------------------------- ------

A comparison of the experimental and numerical results for peak shear stress of a flat joint is provided in [Fig 4](#pone.0188646.g004){ref-type="fig"}. [Fig 4](#pone.0188646.g004){ref-type="fig"} indicates that the simulated peak shear stress of the flat joint specimens agree with those obtained experimentally.

![Joint peak shear stress comparisons of experimental and numerical results.](pone.0188646.g004){#pone.0188646.g004}

[Fig 5](#pone.0188646.g005){ref-type="fig"} shows the numerical jointed specimen generated by PFC2D; the scale of the specimen is equal to that of the specimens in the experiment (width and height are 150 mm and 200 mm, respectively). As seen from the specimens, the gray circles are particles of intact material, and the white particles represent joints. A joint in the numerical specimens is generated by assigning a dip angle and dip direction. The length of the joint and ligament are the same as those in the experiments (2a = 30 mm).

![Numerical specimens containing two cross-fissures.\
α is the angle of fissure 1(α = 30°), β is the angle of fissure 2 (β = 30°, 45°, 60°, and 75°), γ is the angle of fissure 1 and fissure 2 (γ = β-α), and 2a is the fissure length and ligament length (2a = 30 mm).](pone.0188646.g005){#pone.0188646.g005}

Stress analysis {#sec005}
===============

[Fig 6](#pone.0188646.g006){ref-type="fig"} shows the characteristic stress in jointed rock-like specimens with different α and γ. The characteristic stress includes UCS, CIS and CDiS. Shown in [Fig 6](#pone.0188646.g006){ref-type="fig"} is the peak strength ratio (*P*r) for experimental and numerical results. The peak strength ratio is the ratio of UCS~J~ and UCS~I;~ UCS~J~ and UCS~I~ are the peak strength values of jointed specimens and intact specimens.

![Effect of inclination angle of fissures on *P*r.\
(a) Experimental value for specimens with γ = 30° and 45°; (b) Experimental value for specimens with γ = 60° and 75°.](pone.0188646.g006){#pone.0188646.g006}

![](pone.0188646.e001.jpg){#pone.0188646.e001g}
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In [Fig 6](#pone.0188646.g006){ref-type="fig"}, the *P*r numerical results show a similar trend as the experimental results. This trend indicates that the numerical model can simulate the jointed specimen's mechanical behavior favorably. [Fig 6](#pone.0188646.g006){ref-type="fig"} shows the relationship between *P*r and α for specimens with different intersection angles γ. The joint set-1 inclination angle α has a very high influence on *P*r. For the specimens with γ = 30° and 45°, as α increases, the value of *P*r exhibits an obvious increasing trend ([Fig 6(a)](#pone.0188646.g006){ref-type="fig"}). When γ = 60° and 75°, the value of *P*r increases as α increases from 0° to 60° and decreases when α exceeds 60°([Fig 6(b)](#pone.0188646.g006){ref-type="fig"}). The inclination α has a great influence on the mechanical properties of a jointed specimen. For a specimen with lower intersection value, the strength of the specimen is mainly influenced by the joint with higher inclination. The inclination angle of Joint-2 increases with the increase of α. The peak strength ratio shows an increasing trend. For a specimen with higher intersection angle, when the inclination angle of Joint set-1 (α) changes from 0° and 45°, the inclination of Joint-2 also shows an increasing trend. When the α value is 45° and 60°, both Joint set-1 and Joint set-2 are closer to the direction of maximum principal stress; the strength ratio is higher than in other conditions.

The CIS and CDiS are obtained from numerical simulation. The critical dilatancy stress (CDiS) is the stress representing the turning point on the stress-volumetric strain curve; the volumetric strain in PFC is recorded by measurement circle. The CDiS ratio is the ratio of CDiS~J~ and CDiS~I;~ CDiS~J~ and CDiS~I~ are the critical dilatancy stress values of a jointed specimen and intact specimen.

![](pone.0188646.e002.jpg){#pone.0188646.e002g}
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For the CIS, because crack initiation is based on homogeneous rock, it is difficult to locate the crack initiation point on stress-strain curves. In this study, the crack initiation stress (CIS) measured during a uniaxial test on a specimen is defined as the axial stress where there is a specified fraction (1% in the simulations described in Potyondy 2007 \[[@pone.0188646.ref050]\]) of N~f~; N~f~ is the total number of cracks in the model at the point when the peak strength has been obtained. Like the UCS and CDiS, the CIS ratio is the ratio of CIS~J~ and CIS~I~: $$\text{CIS}\mspace{360mu}\text{ratio}\mspace{360mu}\text{(CISr)}\mspace{360mu} = \mspace{360mu}\frac{\text{CIS}_{\text{J}}}{\text{CIS}_{\text{I}}}$$

In [Fig 7(a) and 7(b)](#pone.0188646.g007){ref-type="fig"}, for the specimens with γ = 30° and 45°, both CISr and CDiSr have an increasing trend as α increases. The variation of characteristic stresses can be divided into two parts. When α changes from 0° to 30°, the CIS ([Fig 7(a)](#pone.0188646.g007){ref-type="fig"}) and CDiS ([Fig 7(b)](#pone.0188646.g007){ref-type="fig"}) change slightly. When α changes from 30° to 75°, the characteristic stress grows significantly. For the specimens with intersection angle γ of 60° and 75°, the values of CISr ([Fig 7(a)](#pone.0188646.g007){ref-type="fig"}) and CDiSr ([Fig 7(b)](#pone.0188646.g007){ref-type="fig"}) increase as α increases from 0° to 60° and decrease after α exceeds 60°. The variation in characteristic stresses can be divided into three parts. The first is from 0° to 30° (fluctuates slightly); the second part is from 30° to 60° (grows significantly); the third part is from 60° to 75° (declines). Clearly, the characteristic stresses (CIS and CDiS) exhibit similar trends as UCS.

![Effect of inclination angle of fissures on characteristic stress.\
(a) CISr; (b) CDiSr.](pone.0188646.g007){#pone.0188646.g007}

Failure pattern {#sec006}
===============

Failure pattern based on experimental tests {#sec007}
-------------------------------------------

As mentioned above, the investigation of crack initiation and propagation in brittle materials began with a specimen that contained a single crack or fissure. Almost all of the scholars arrived at the same conclusion: there are two types of cracks initiated from the tips of joints, namely, wing cracks and secondary cracks as shown in [Fig 8](#pone.0188646.g008){ref-type="fig"} \[[@pone.0188646.ref001], [@pone.0188646.ref008], [@pone.0188646.ref010], [@pone.0188646.ref014], [@pone.0188646.ref052]--[@pone.0188646.ref053]\]. For co-planar joints, when the inclination angle of a joint is smaller than 30°, the joint will not form coalescence, and the failure of the specimen results from the propagation of tensile cracks \[[@pone.0188646.ref005], [@pone.0188646.ref017], [@pone.0188646.ref021]--[@pone.0188646.ref022], [@pone.0188646.ref025], [@pone.0188646.ref030], [@pone.0188646.ref052]\]. For a specimen with joint inclination more than 30°, the joint forms coalescence via shear cracks \[[@pone.0188646.ref005], [@pone.0188646.ref017], [@pone.0188646.ref021]--[@pone.0188646.ref022], [@pone.0188646.ref025], [@pone.0188646.ref030], [@pone.0188646.ref052]\]. However, when a joint is parallel to the loading direction, the failure of the specimen is very similar to an intact specimen. The joints in the specimen have difficulty forming coalescence \[[@pone.0188646.ref005], [@pone.0188646.ref017], [@pone.0188646.ref021]--[@pone.0188646.ref022], [@pone.0188646.ref025], [@pone.0188646.ref030], [@pone.0188646.ref052]\]. For cross non-persistent joints, there are two sets of planar joints in a specimen. Under loading, the specimens will have different kinds of failure modes. Comparing with previous works, our study shows that distinctly different coalescence occurs between cross joints. It is clear that both the inclinational angle α and intersection angle γ have great influence on the failure pattern of pre-cracked specimens. [Fig 9](#pone.0188646.g009){ref-type="fig"} shows the crack initiation and coalescence behavior of rock-like samples containing cross non-persistent joints under uniaxial loading. With different α and γ, the specimens exhibit four failure patterns.

![Crack types observed in pre-flawed specimens under compression.](pone.0188646.g008){#pone.0188646.g008}

![Four different patterns of failure mode observed in our experiments.\
(a) Pattern I; (b) Pattern II; (c) Pattern III; (d) Pattern IV. The letters S, M and T indicate the shear, mixed shear/tensile, and tensile modes of coalescence, respectively.](pone.0188646.g009){#pone.0188646.g009}

### Pattern-I {#sec008}

As shown in [Fig 9(a)](#pone.0188646.g009){ref-type="fig"}, there is no coalescence between joint 1--1 and 1--2, and the coalescence pattern between 2--1 and 2--2 is co-planar shear crack. The experimental results show that there are mixed cracks appearing between joint sets 1 and 2. This kind of failure pattern mainly occurs in specimens with α = 0°. Because the joint set-1 is perpendicular to the loading direction, under loading, new cracks developed from the tips of pre-existing joints and propagate along the direction of maximum principle stress. No coalescence occurs between joint set-1. The intersection angle γ varies from 30° to 75^o^; joint set-2 easily forms coalescence through the shear crack. Because the rock bridge between joint sets 1 and 2 is short, joint sets 1 and 2 will form coalescence at the later stage of loading.

### Pattern-II {#sec009}

In this Pattern, there is no coalescence between joint sets 1 and 2. Joint 1--1 and 1--2 connect with joint 2--1 through mixed cracks ([Fig 9(b)](#pone.0188646.g009){ref-type="fig"}). Under loading, shear cracks develop from tips of joint 1--1 and 1--2. As loading continues, shear cracks gradually turn to tensile cracks. During the residual stage, the tensile cracks reach the edge of the specimen and result in the overall failure of the specimens. In this pattern, the pre-existing joints do not form coalescence via shear crack. The reason for this phenomenon is the rock bridge between 1--1 and 2--1 is shorter than between 1--1 and 1--2. Under loading, the rock bridge between 1--1 and 2--1 more easily forms coalescence. Joint set-2 is almost parallel to the direction of maximum principle stress; therefore, it is difficult to form coalescence through shear or tensile cracks. Under uniaxial compression, the pre-existing joints between the two sets tend to link with each other via mixed cracks.

### Pattern-III {#sec010}

In this category, the crack coalescence mode in joint set-1 is co-planar shear crack ([Fig 9(c)](#pone.0188646.g009){ref-type="fig"}). However, there is no coalescence in joint set-2. Joint 2--1 and 1--2 form coalescence through tensile cracks. There is obvious surface spalling around the cross center of joint sets 1 and 2. Because there is a joint set (set-2) parallel to the loading direction, this joint set has difficulty forming coalescence. Joint set-1 becomes the dominant joint set. Joint set-2 has a little influence on the failure pattern of the specimen; the failure mode of the specimen is mainly controlled by joint set-1. When the inclination of joint set-1 (α) is 60° and 75°, the joints in set-1 easily link with each other through shear cracks. This pattern mainly occurs in specimens with α = 60° and 75°.

### Pattern-IV {#sec011}

For this pattern, the specimen mainly fails from the propagation of shear cracks. As seen from [Fig 9(d)](#pone.0188646.g009){ref-type="fig"}, the crack coalescence mode in joint set-1 (1--1 and 1--2) and joint set-2 (2--1 and 2--2) are co-planar shear cracks. There is obvious surface spalling around the cross center of joint sets 1 and 2. The failure plane in this pattern is very similar to pattern III; the coalescence between pre-existing joints are shear mode. Compared to pattern III, the main characteristic of this pattern is the cross-shear failure plane. Because the intersection angle of joint set-1 and set-2 in the horizontal direction is 45° to 75°, each joint set forms coalescence via shear cracks; there are two shear failure planes in the specimen.

[Table 5](#pone.0188646.t005){ref-type="table"} summarizes the failure patterns of jointed specimens with different α and γ. [Table 5](#pone.0188646.t005){ref-type="table"} shows that both α and γ have a great influence on the failure pattern of the specimen. Because there is a joint set perpendicular to the loading direction, Pattern I is more prominent in the specimen with α = 0°. Specimens S-30-30, S-30-45 and S-45-30 also belong to Pattern I. Pattern II is more prominent in the specimen with α = 30° and 45°. Apart from specimens S-30-30, S-45-30 and S-45-75, the rest of the specimens belong to this pattern. For the specimens with α = 60°, apart from the S-60-75, all of the specimens belong to Pattern III. When α = 75°, most of the specimens fail from propagation of shear cracks (Pattern IV).

10.1371/journal.pone.0188646.t005

###### Initiated crack types of rock-like specimens containing cross-flaws with different α and γ.

![](pone.0188646.t005){#pone.0188646.t005g}

  ---- --- --- ---- ---- ----- -----
       α   0   30   45   60    75
  γ                            
  30       I   I    I    III   III
  45       I   I    II   III   IV
  60       I   II   II   III   IV
  75       I   II   IV   IV    IV
  ---- --- --- ---- ---- ----- -----

Typical failure pattern in PFC2D {#sec012}
--------------------------------

Figs [10](#pone.0188646.g010){ref-type="fig"}--[13](#pone.0188646.g013){ref-type="fig"} shows the five typical failure modes obtained by PFC2D and the corresponding failure modes obtained for the same specimens through rock-like material experiments. There is strong agreement among the four failure patterns obtained in numerical modeling and the experimental results. In the comparison of the pattern I ([Fig 10](#pone.0188646.g010){ref-type="fig"}), one set of non-persistent joints links through co-planar shear cracks; the crack coalescence mode between joint sets 1 and 2 belong to mixed cracks. For pattern II ([Fig 11](#pone.0188646.g011){ref-type="fig"}), the crack coalescence mode between joint sets 1 and 2 is mixed cracks, and the overall failure of the specimen results from the propagation of shear cracks. Comparison of typical pattern III examples ([Fig 12](#pone.0188646.g012){ref-type="fig"}) shows the failure pattern mainly results from shear crack coalescence. It can also be seen from the numerical and experimental results that shear cracks developed from the tips of joints reach the edge of the specimens and result in the overall failure of the specimens. [Fig 13](#pone.0188646.g013){ref-type="fig"} shows the comparison of the numerical and experimental results for pattern IV. Although some of the parts fell outside the specimen, the crack path in the experimental result is very clear and agrees well with the numerical specimens.

![Pattern I comparisons between experimental and numerical results.\
(a1) Experimental (S-0-30); (a2) Numerical (S-0-30); (b1) Experimental (S-0-60); (b2) Numerical (S-0-60).](pone.0188646.g010){#pone.0188646.g010}

![Pattern II comparisons between experimental and numerical results.\
(a1) Experimental (S-30-75); (a2) Numerical (S-30-75); (b1) Experimental (S-75-75); (b2) Numerical (S-75-75).](pone.0188646.g011){#pone.0188646.g011}

![Pattern III comparisons between experimental and numerical results.\
(a1) Experimental (S-45-75); (a2) Numerical (S-45-75); (b1) Experimental (S-60-75); (b2) Numerical (S-60-75).](pone.0188646.g012){#pone.0188646.g012}

![Pattern IV comparisons between experimental and numerical results.\
(a1) Experimental (S-60-30); (a2) Numerical (S-60-30); (b1) Experimental (S-60-45); (b2) Numerical (S-60-45).](pone.0188646.g013){#pone.0188646.g013}

Energy characteristics {#sec013}
======================

The failure of rock or rock-like materials can be viewed as the result of energy conversion. For the uniaxial compression test, before the axial stress reaches peak strength, the absorbed energy is mainly stored as strain energy. Some of energy is consumed by micro-crack generation, propagation and friction of micro defects. Based on the first law of thermodynamics, for a closed system, if a unit volume of material deforms by action of an external force, then the energy can be defined as follows: $$U = U_{d} + U_{e}$$ where U~d~ is the unit dissipation energy, and U~e~ is the unit strain energy.

[Fig 14](#pone.0188646.g014){ref-type="fig"} shows the relationship between dissipation strain energy *U*~d~ and release elastic strain energy *U*~e~ in stress-strain curves. Based on the previous results \[[@pone.0188646.ref054]\], under compression, the release elastic strain energy *U*~e~ can be calculated as follows: $$U_{e} = \frac{1}{2E_{u}}\sigma_{1}^{2}$$ where *E*~u~ is the unloading elastic modulus. In the current research, for calculation convenience, the *E*u is replaced by initial elastic modulus *E*~o~; it is also verified by Liang \[[@pone.0188646.ref055]\].

![Relationship between dissipation strain energy *U*~d~ and release elastic strain energy *U*~e~ in stress-strain curves.](pone.0188646.g014){#pone.0188646.g014}

For the PFC, the specimen was sandwiched between two walls, and the displacement loading was performed through the top and bottom walls. Because there was no angular displacement in the numerical simulation (PFC2D), the input energy for uniaxial compression in PFC2D can be calculated as follows \[[@pone.0188646.ref056]\]: $$E = E_{pre} + (F_{1}\Delta U_{1} + F_{2}\Delta U_{2})$$ where *E*~pre~ is the input energy in the last calculation step, and *F*~1~ and *F*~2~ are the unbalanced forces on the top and bottom walls, respectively. ΔU~1~ and ΔU~2~ are the displacement increments for the top and bottom walls, respectively. The strain energy (*E*~e~) is stored in the contacts and can be calculated as follows: $$E_{e} = \frac{1}{2}{\sum\limits_{N}{(\left| F_{i}^{n} \right|^{2}/k^{n} + \left| F_{i}^{s} \right|^{2}/k^{s})}}$$ N is the total number of contacts in the mode, and \|*F*~*i*~^n^\| and \|*F*~*i*~^s^\| are the normal and shear contact forces, respectively. *k*~n~ and *k*~s~ are the normal and shear-contact shiftiness, respectively.

[Fig 14](#pone.0188646.g014){ref-type="fig"} shows that the input energy is the area under the axial stress-strain curve. The strain energy is the shaded area under the stress-strain curve. The dissipation energy is the difference between the two areas. In PFC2D, the strain energy and boundary energy can also be recorded by measurement circles; the dissipation energy is the difference between them. All types of energy densities for the set of experimental tests are shown in [Fig 15](#pone.0188646.g015){ref-type="fig"}. It can be seen from [Fig 15](#pone.0188646.g015){ref-type="fig"} that the input and strain energy densities exhibit a similar trend with the characteristic stress in [Fig 6](#pone.0188646.g006){ref-type="fig"}. The strain energy is significantly greater than the dissipation energy, and the dissipation exhibits some fluctuation with the increases of α. For the numerical simulation, although there is also some difference between experimental and numerical results, all energies in the numerical simulation results show a similar trend with those in the experimental results. As α changes from 0° to 75°, the input energy and strain energy show a similar trend with the UCS of the specimens. The dissipation energy is the lowest of the three and exhibits a little fluctuation with the increase of α. The energies in experimental and numerical results are based on the unit thickness.

![Energy of jointed specimens in laboratory tests and PFC simulation (unit thickness).\
(a) γ = 30°; (b) γ = 45^o^; (c) γ = 60°; (d) γ = 75°.](pone.0188646.g015){#pone.0188646.g015}

Conclusion {#sec014}
==========

In this paper, the characteristic stress, failure pattern and energy mechanism of jointed rock-like specimens under uniaxial loadings are investigated by laboratory tests and numerical simulation. The following conclusions are drawn from the study.

1.  Both joint inclination angle α and intersection angle γ have an influence on stress characteristics stress of a specimen. When the intersection angle γ = 30° and 45°, the UCS, CIS and CDiS increase as α increases from 0° to 75°. However, for γ = 60° and 75°, the UCS, CIS and CDiS increase as α increases from 0° to 60° and decrease after α exceeds 60°.

2.  The failure patterns of joint rock-like specimens can be classified into four categories. Both α and γ have strong influence on the failure mode. Pattern I is more prominent in specimens with α = 0°. Pattern II is more prominent in specimens with α = 30° and 45°. For specimens with α = 60°, apart from the S-60-75, all of the specimens belong to pattern III. When α = 75°, most of the specimens fail from propagation of shear cracks (pattern IV).

3.  Based on the results of the laboratory tests and PFC2D simulation, the energy mechanism of jointed specimens under uniaxial compression has been analyzed. With increasing α, the input energy and strain energy show a similar trend with the UCS of the specimens. The dissipation energy is the lowest of three and exhibits some fluctuation with the increases of α.
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